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I ntroduction
In a previous paper from this laboratory (Andrade and Tsien 1937) the particular interest of body-centred cubic crystals was pointed out, and the glide elements for single crystals of sodium and potassium a t atmospheric tem peratures were determined) viz. glide plane (123) and glide direction [111] . A nother paper (Tsien and Chow 1937) describes the determination of the glide elements for molybdenum, for which the glide direction was again [111] , bu t the glidq plane was different a t different tem peratures, viz. (110) a t 1000° C and (112) a t 300 and 20° C. Planes (123), (110) and (112) have all been given as glide planes for a-iron by different workers (Taylor and Elam 1926; Gough 1^28; Fahrenhorst and Schmid 1932) , while for tungsten (Goucher 1924 ) the glide plane has been given as (112) and for /?-brass under certain conditions (G. I. Taylor 1928) 
as (HO). W ith all the
The glide elements of body-centred cubic crystals 291 metals just enumerated the glide direction is [111] , but it appears as a general result that (110), (112) and (123) are all possible glide planes for the body-centred cubic crystal, the operative plane varying from metal to metal.
Since the geometry of all body-centred metals is the same, it seems prob able that different plastic behaviour of the different metals in respect of the glide plane must be due to some secondary influence which has varied from metal to metal in the previous experiments. The results of Tsien and Chow for molybdenum have shown that temperatime has an influence, the plane changing with this metal from (112) to (110) as the temperature is raised. I t therefore appears th at temperature may be the determining factor with any particular metal in the selection of the glide plane among the three which have been found possible for the body-centred structure, a fact to which attention has already been directed by one of us (Andrade 1938) in a discussion organized by the Royal Society. The present investigation was undertaken in order to investigate the glide properties of particular body-centred metals over a wide range of temperature. A general law has been found, viz. that the glide plane ehanges systematically from one of the three specified planes to another as the temperature is raised, the ratio of the temperature of experiment to the melting point of the metal being, at any rate as a first approximation "the parameter which determines the operative plane. Preliminary reference was made to the law in the discussion to which reference has just been made.
Evidence as to the mechanism of hardening has been found in the variation of the strain-hardening curves with temperature, and a general explanation found for the different appearance of the asterisms found with different metals. Certain generalities in the spacing of the glide planes have also been demonstrated.
Production of the crystals
The metals used were sodium, potassium, and a-iron. The sodium and potassium were taken from the very pure specimens used by Andrade and Tsien (1937) , and the single crystals were prepared by the method described by them. The single crystals of a-iron were prepared by the method of heating the wire by the passage of a current and using, a moving subsidiary furnace (Andrade 1937; Tsien and Chow 19377 . The iron was a particularly pure specimen, estimated 99*98 % pure iron, supplied by Messrs Hilger and drawn by Messrs Johnson and Matthey.
In the case of iron it was necessary'; to estimate the temperature of the wire. This cannot be done by optical methods, since the hot metal vaporizes in vacuo, giving a deposit on the inside of the quartz tube, which cuts down the transmitted radiation. A method was devised which depends upon the resistivity and radiating properties of the wire: it has the advantage that it eliminates the effect of thermal conduction at the ends of the wire, which leads to cooling and so renders difficult the measurement of temperature by resistivity alone. Consider a length Al of the wire sufficiently remote from the ends for conduction effects to be neglected. Then where i is the current, r is the radius of the wire, the electrical resistivity, A the surface area, E the emissivity of the surface, a Stefan's constant, so that This gives the temperature of the main part of the wire.
For molybdenum the necessary datk for p and E as functions of T are given by Esper and Knoll (1936) , so that, for a given r, a curve of i against T can be prepared: to transfer to any other radius r' we have only to remember th at i is proportional to r5. When the original measurements on molybdenum were carried out this method had, however, not been devised. For iron, which has not been used for filaments in high vacuum work, the data known to us a t the time were scanty. A series of rifeasurements of the resistivity a t different temperatures was therefore carried out. A wire of the very pure iron to which reference has been made, 1 mm. in diameter and 60 cm. long, in the form of a hair pin, was sealed in a highly exhausted quartz tube which also contained a suitably placed thermocouple. The leads were stout copper rods, in which the ends of the iron wire were firmly gripped, and the tube was inserted in a long electric furnace, special precautions being taken to ensure th at the whole wire and a length of the leads lay well within the part of the furnace where the temperature had been found to be uniform. The resistivity was calculated from the current, read on a carefully calibrated standard milliameter, and the potential difference, measured on a potentiometer. The following readings were obtained between 20 and 1000° C.* * D r Chow h a d to le a v e h u rriedly for China, ow in g to th e ou tb reak o f w ar, an d to o k th e n o te b o o k w ith th e a ctu a l d a ta w ith her. T he v a lu es in th e ta b le are re con stru cted from th e recorded p o in ts o n th e curve, an d are co n seq u en tly n o t as accu rate as th e a ctu a l readings m ad e. T h e error sh ou ld n o t, how ever, ex ceed + 0 -1. i2 = AEaT* nr* Some time after these readings were obtained the interest for modem theory of the change of curvature in the neighbourhood of the Curie point, pointed out by Mott (1935 Mott ( ,1936 , came to our notice. At Mott's instigation measurements on the resistivity of pure iron were carried out by H. H. Potter (1937) , who, however, determined only the ratio of the resistance to the resistance at 0° C. Both Mott and Potter have overlooked measurements by Chevenard (1932) , who gives the resistivity of iron up to 1050° C in the form of a curve, without any tabulated values. For comparison the results of the three experiments are given in figure 1, Potter's values being made to fit Chevenard's in the neighbourhood of 300° C. Chevenard's curve is given as a broken line.
Our absolute values agree very closely (as nearly as measurements taken from his curve admit) with Chevenard's above the Curie point, but below, while the form of his curve follows ours closely, his values are lower, by something about 2 % in the mid-region. It is unfortunate that Potter gives no absolute values. I t is quite clear, however, that his values in the neighbourhood of, and above, the Curie point must be considerably in excess of ours, unless the resistance of his specimen was abnormally low in the 100-600° C region. Our values and Chevenard's show a strong con cavity to the temperature axis at high temperatures, as required by Mott's theory.
To estimate very roughly the temperature of that part of the wire sur rounded by the subsidiary furnace, which was about 2 cm. long and 2 cm. in diameter, and subtended a solid angle of 2n at its centre, we note that the energy radiated to the centre is about %crTf, where Tf is the temperature of the furnace. The temperature T' of this hottest part of the wire can then be estimated from where T is the temperature of the wire heated by the passage of the current in the absence of the furnace. This is admittedly an exceedingly rough estimate, but nothing more is required. For preparing single crystals, iron wires of diameter 0-5, 0-7 and 1 mm. were used. The wire was polished with Hubert emery papers from no. 0 to no. 0000 successively before insertion in the heating apparatus (see figure 2, Tsien and Chow 1937), where it was maintained in a high vacuum. It was heated, by the passage of a current, to 1500° C for 10 min. or so, and then maintained at 800° C. The travelling furnace was also maintained at 800° C and travelled at 8 cm./hr., the hottest part of the wire within it being estimated as 200° above the temperature of the main part of the wire.
Crystals several cm. in length, which were successfully grown with molybdenum, were never produced with'iron, but single crystals 1 cm. or so in length were regularly obtained. The production of single crystals of sodium and potassium is easy, and has already been described elsewhere.
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To pump
An apparatus was constructed which enabled sodium and potassium wires to be slowly extended in vacuo, the tensile stress being readable a t any stage. I t is shown in figure 2 .
Bi s a ring of phosphor-bronze strip, the deformation of which measures the stretching force. A smooth rod r, rigidly fixed to the top of the ring, moves freely within a tube t, which both acts as a guide and enables the de formation to be observed, the distance between the mark u and the sharp edge of the tube being read with a microscope. From previous calibration this distance gives the applied force. The ring is car ried by a threaded rod R x, which is moved vertically, without rotation, by the nut S, supported by the glass tube G. The joint is made vacuum-tight by the rubber sleeve D.
The whole ring is contained in a flat brass box A , with opposite windows of stout glass parallel to the plane of the paper. To the box is attached a glass tube Gx which carries a metal cylinder M, pierced by two long opposite openings, through which the chucks can be ad justed. One chuck, Hx, is attached to the lower part of the ring by the rod R2, the other, H2, is carried by M. These chucks hold the wire to be extended.
Ti s a small funnel, from which a long glass tube L passes into the apparatus by way of a vacuum-tight joint. I t serves to introduce oil for recoating the crystal. The glass tube serves to hold the oil. A pyrex glass tube P encloses the lower part of whole can be evacuated through the tube shown.
The oil tube L was necessary for the following reason. In the earlier experiments a t room temperature the sodium or potassium wire was protected by a film of anhydrous apiezon L grease, but a t liquid air tem perature this grease becomes a hard solid layer which is stronger than the crystal itself. In the present experiments a mixture of 50% apiezon L and 50 % apiezon oil was used, which is thick enough to form a permanent layer a t room temperature, but flows very freely a t 50° C. The sodium crystal was made to pass from the protecting glass tube in which it was made into this mixture. The crystal, protected by its layer of grease, was fixed in the chucks, and the apparatus evacuated. The tube P was then surrounded by water at 50° C, with the result th at the grease ran off, leaving a bright surface. I t was found advisable to fill the lower part of P with metal filings, to make good thermal contact with the metal frame and lower chuck.
After the stressing had been carried out, apiezon oil was introduced by L, and the oil frozen by surrounding the tube with solid C02. Air was then admitted, and the crystal, protected by a coat of frozen oil, removed, and plunged into apiezon L a t 50° C. The oil melted and a protective layer of mixed oil and grease was formed. In spite of these precautions a certain amount of very slow oxidation usually took place, but the surface markings were always plainly visible for a considerable time.
The measurement of critical shear stress was carried out as follows. The evacuated tube was surrounded by the bath, either of liquid air or of carbon dioxide snow in alcohol, and left for some time to come into temperature equilibrium. A reading microscope with a 40 mm. objective and eyepiece, provided with a graticule of 100 divisions (1 division = 0*023 mm.), was focused on e, and the nut S slowly turned so as to move the uppermost part of the ring at a rate of about 0*5 mm./min. At the moment when the first movement of e was detected the distance between e and u was recorded, which, by the previous calibration, gives the tension at the moment of yield. After this the rotation of the nut was continued, and various values of the displacement of e, which gives the extension of the wire, and of the distance eu, which gives the tension, were taken. After a certain extension (about 2% at atmospheric temperature, corresponding to a glide of somewhat over 3 % with our values of x) the wire started to flow appreci ably at constant stress, so th at if the nut was left in a fixed position the mark e crept upwards and then stopped, owing to the reduction of the tension. The stress-strain curve cannot be usefully continued past the point a t which appreciable time flow sets in.
The angle x between the glide plane and the wire axis was measured after the crystal had been coated with wax and removed from the apparatus. From this the initial angle Xo-°r th e angle at any stage of the extensionwas found by the formula sin Xo = l sin xV
The glide direction was estimated by the geometrical method previously described. Hence the critical shear stress and the resolved shear stress at any particular strain was found. The hardening curve was obtained by plotting the resolved shear stress against the glide, expressed as the relative displacement of two (parallel) glide planes unit distance apart.
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Determination op the glide elements
The glide planes were visible as the familiar surface markings consequent on slight extension: in all crystals used for determination they were regular and parallel. The crystal was mounted in a goniometer and arranged so th a t the normal to the glide planes fell in the plane containing the hori zontal beam of X-rays and the axis of the crystal wire, a horizontal lowpower microscope, with its axis perpendicular to the X-ray beam, being used to make the final adjustment. The glide elements were located, relative to the surface markings of the wire, by the Laue method described earlier (Andrade and Tsien 1937). The X-ray tube was, as before, a Shearer tube with copper target, a tube of quartz glass, and a 1 mm. lithium window, protected from oxidation on the outer face by a layer of grease. The method of identification of the planes was to select a number of strong Laue spots, lying on a great circle, to rotate this, by calculation, about its diameter, so as to make it a complete primitive circle, and then to compare all the spots with one of the standard stereographic projection figures for the bodycentred lattice. Agreement not only in position, but in intensity, was obtained.
The plastic deformation of a single crystal is accompanied by a rotation of crystal fragments about an axis lying in the glide plane and perpendi cular to the glide direction (Burgers 1931; Andrade and Tsien 1937) . These rotations, which may spread over some degrees, are evidenced by the distortion of the Laue spots into the familiar asterisms, which in the case of sodium and potassium are made up of a series of discrete patches (Andrade and Tsien 1937) . One reflecting plane, however, cannot produce an asterism, viz. th a t normal to the axis of rotation just mentioned. If the azimuth adjustment of the crystal brings the normal to the glide plane into the plane containing the X-ray beam and the wire axis, this plane can not form a spot. However, by rotating the wire through 6° or so an intense undistorted spot, near the central spot, can be obtained. This undistorted spot gives a very useful supplementary method for establishing the glide plane, especially in doubtful cases. Figure 3 , plate 2, taken with a sodium crystal deformed a t -185° C, shows the undistorted spot, 7, ringed.
The glide direction was determined by the geometrical method described by Andrade and Tsien (1937) .
Spacing of the glide planes
There are certain indications th at the thickness of the glide packets (spacing between the glide planes) depends upon the temperature, e.g. the case of molybdenum (Tsien and Chow 1937) . The present work provided an opportunity of extending observations on this point.
Molybdenum wires were stretched a t higher temperatures than those recorded by Tsien and Chow. At these high temperatures it is not possible to use the simpler method of heating the single crystal wire by the passage of a current through it, since, if this is done, any slight local thinning at once leads to increased local heating, a process which rapidly culminates :n fracture a t this spot. Use was therefore made of a special furnace with which a temperature of 2000° C could easily be reached. "It consisted of a tantalum tube 11 cm. long and 5 mm. diameter, the wall thickness being 0*3 mm. This tube, T, which was mounted in , was heated by a heavy current drawn from special storage batteries. The method of mounting is shown in figure 4-. The tube T is fitted friction-tight into two terminal copper collars, J x and J 2, of which th quartz plate Qx, the current being led in by the brass rods Lx and L2 serve to support Qx and Q2, and a connecting strip of heavy copper. The quartz plate ^su p p o rts a guide which keeps J 2ia line, the loose fit allowing for thermal expansion. The current is conveyed from J 2 by flexible strips of heavy copper braid, shown dotted in the diagram. The whole is covered by a large bell-jar, which carries at the top a screw device for stretching the wire. The collar EE, with wires leading over pulleys to a counter weight, is for lifting the jar.
When molybdenum single crystals are stretched a t 1500° C the glide packets are even broader than those observed a t 100<T° C by Tsien and Chow, cf. figure 5, plate 2. At 2000° C the glide takes place on one or two planes only, separated by considerable lengths of the wire. Figure 6 , plate 2, shows such an isolated glide plane as seen from the side, and F igure 4 figure 7, plate 2, is a view of the same wire rotated through a right angle about its axis, taken to show the well-marked elliptical shape of the bared area, which gives evidence that the movement is really glide on one plane. Pictures of crystals extended at 300 and 20° C will be found in the paper by Tsien and Chow. These experiments show clearly that for molybdenum the glide planes are very close at atmospheric temperature, and get farther and farther spaced as the temperature is raised, until at 2000° C they are separated by distances of the order of 1 cm.
With sodium and potassium crystals the spacing of the glide planes is markedly closer at low temperatures than at room temperatures, the bands produced by stretching at -182° C being exceedingly fine. When prolonged manipulation is necessary it is very difficult to avoid slight oxidation, which tends to obscure those very fine bands.
With a-iron the same variation of the spacing of the bands with tem perature is evident, as can be seen from figures 8 and 9, plate 2, the former being extended at 700° C and the latter at 25° C.
Boas and Schmid have found that with cadmium (1929) and zinc (1930) the glide packets are much coarser at high temperature than at atmospheric temperature. Andrade and Roscoe (1937) found with lead, it is true, only a slight increase in spacing at 100° C as compared with 15° C, but the difference in temperature is here comparatively small. It seems established then, that, as a general rule, the spacing of the glide planes increases with increasing temperature.
The glide elements
Crystals of sodium and potassium were extended at -82 and -185° C, the glide plane being found in the manner already described. The results are given in table 2, where e = l/l0, l being the final length and l0 the original length;
Xo is the angle between the glide plane and the wire axis; ij is angle between the glide direction and the projection of the wire axis on the glide plane. Figures 10 and 11 show the distribution of the poles of the Table 2 glide planes a t -82 and -185° C round the zone axis [110] and [112] respectively. I t will be seen th a t the glide plane at -82° C is (110), and a t -185° C is (112). These diagrams should be compared with figure 6 and figure 7, for, respectively, sodium and potassium crystals at atmospheric temperature, given in the paper by Andrade and Tsien. Tables 3 and 4 give the figures, which were not published in the earlier paper.
The glide elements o f body-centred cubic crystals 301 ifo .So So here remains the question as to how great is the preference for the glide plane selected, which may be expressed by considering the actual resolved shear stress on each plane in the glide direction, and finding how th a t on the plane selected differs from th at on the other planes. Owing to the high symmetry of the cubic crystal the direction of pull can never lie very far from a favourable position for glide on a {110}, {112} or {123} plane. he resolved shear stress is proportional to cos A sin X-As, for a given direction of applied tension, A is fixed, the resolved shear stress on the planes will be proportional to sin x110, sin Xm> sin %U2. A general examina tion of the geometry (which would, have been carried out in more detail if the work had not been interrupted) indicates th at it is not possible to choose a direction such th at the resolved shear stress on the most favourable plane of any class of planes is less than 0*84 of the resolved shear stress on the most favourable plane of all'three classes. Thus the resolved shear stress on selected planes from the three classes are never very different.
Tables 5-7 have been prepared to show the resolved shear stress on the most favoured plane of each class, compared to th at on the most favoured of all three classes taken as 100. With molybdenum at 1000° C the stress on the operative glide plane was never exceeded by th at on any other plane, although it was in four cases equalled by th at on another plane (differences up to 3 % are certainly within experimental error). At 300° C the resolved stress was about equal on all three planes in one case, and on two planes in the other. With potassium at room temperature the stress was generally about equal on all three planes.
Confirmation of change of glide plane with temperature
In the experiments with body-centred crystals, then, the resolved shear stress in the glide direction on the effective glide plane was never far from the maximum resolved shear stress, so th at at first it might be supposed th at the crystal was merely slipping on the plane of maximum resolved shear stress. Examination of the data, however, speaks against this supposition. In the first place, there are cases where the resolved shear stress on the operative plane was definitely less than that-on one of the other possible planes, e.g. with sodium a t -185° C, crystal II, the resolved 
I n co n n ectio n w ith th e s e ta b le s it sh o u ld b e rem em b ered t h a t th e g lid e p la n e is a s fo llo w s: m o ly b d e n u m a t 1000° a n d 300°, (110) a n d (112) r e sp e c tiv e ly ; p o ta ssiu m
shear stress on (112) was 94% of th at on (123), which is outside experi mental error. Further there are fourteen cases in which the resolved shear stress on two of the plane systems were equal to within 2 %, and in all these cases the glide plane was according to the rule put forward, to which, in all the experiments, no exception has ever been found.
I t was thought that the strongest confirmation of this effect of tempera ture would be to take a long single crystal, cut it into three parts and stretch them at three different temperatures, selected to lie within the different ranges. Accordingly a sodium single crystal some 20 cm. long was made in a glass tube marked with a line parallel to the axis, which enabled a reference line to be made on the surface of the crystal. Three lengths of about 4 cm. each were cut from this crystal, and extended by the same amount at 20, -82 and -185° C respectively. These crystals were then examined at the same orientation, as decided by the reference mark, and it was at once clear th at the glide had taken place on a different plane in each case. The glide was simple in all cases, so th at the experiment was decisive. Figure 12 , plate 2, shows the three specimens, viewed from the same direction in azimuth with reference to the original specimen. A certain amount of oxidation had taken place, in spite of protection, before the photographs were taken, the markings being much clearer when the visual comparison was made than they are in the figure.
Critical shear stress
By means of the apparatus already described the critical shear stress and the hardening, as evidenced by the shear stress v. glide curve, was measured for sodium a t 20, -82 and -185° C. The results are shown in figure 13 . At -185° C the results of two separate experiments, indicated by crosses and circles, were very concordant (curve I), but those of a third experiment (curve II) depart somewhat, although the general form of the curve is the same. Closer agreement is not usual in single crystal experiments, where slight preliminary strain may affect the hardness considerably. Curves III and IY, at -82° C, resemble one another closely in form, and the difference of stress at a given glide, about 4 %, is small. At 20° C two experiments, indicated by circles and crosses, agreed extremely well (curve VI), but a third (curve V) gave a slightly larger shear stress at each value of the glide. The form of the curve at each temperature is well defined. The curves were not extended to higher values of the glide, since for such values a time flow began to manifest itself a t room temperature.
The 
Hardening and crystal break-up
It has been suggested that hardening is connected with the rotation of small fragments of crystal which accompanies permanent glide (e.g. W. G. Burgers 1934: Andrade and Roscoe 1937) . This rotation is evidenced by the appearance of asterisms, which in the case of sodium consist of discrete spots. The spread of these spots in the different asterisms on the same photograph corresponds to a rotation through a fixed angular range about an axis in the glide plane and normal to the glide direction (Andrade and Tsien 1937) .
Laue pictures of sodium' crystals a t different extensions and different temperatures were taken for comparison with the hardening curves. The results are shown in figure 14, plate 3 , where the pictures in a horizontal row are for about the same percentage extension e, but different tempera tures. As the angle of the glide planes was about the same in all cases, equal extension means equal glide.
To measure the range of rotation of the crystal fragments, the angle corresponding to the. extreme spots in each asterism was measured on the stereoscopic projection diagram, and it was found, in agreement with Andrade and Tsien, th a t in a given picture all the asterisms corresponded to the same amount of rotation about the axis already specified. The range of angle Ad is given beneath each picture. I t will a t once be seen th at, for equal extension, the range of rotation is much greater a t -185 than a t -82° C, and greater a t -82 than a t 20° C. If we consider the curves of figure 13 it will be seen th a t at, say, a glide of 4% , the hardening, as measured by (cr-<r0)/<r0, cr being the shear stress a t the given glide and er0 the critical shear stress, is very much greater a t -185 than a t -82° C, and somewhat greater a t -82 th an a t 20° C.
Some kind of quantitative comparison can be made. From figure 13 we can find the hardening a t a glide of 4 %, and plot it against Ad. To find the hardening a t the other glides concerned means a large extrapolation, bu t as the general form of the hardening curves is known, this can be done without an error excessive for a rough comparison of the kind in hand. Figure 15 shows hardening against AO a t three different extensions, the temperature varying. I t will be seen th a t the points lie roughly on straight lines through the origins, the comparatively large divergencies for the extension of 2 % being accounted for by the difficulty of measuring Ad accurately when it has small values. Roughly speaking, a t fixed extension the hardening, different a t different temperatures, is proportional to the range of rotation of the crystal fragments. This is not p u t forward as a precise law : w hat is emphasized is th a t hardening increases with increasing range of rotation, the extension being fixed. I t is the range of rotation, and not the extension, th a t determines the hardening.
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The cause of the discrete spots in asterisms
Sodium and potassium show asterisms consisting of discrete spots, of which advantage has been taken to get an arbitrary measure of the range of rotation of the crystal fragments. Other metals exhibit asterisms in the form of a continuous smear. The fact which distinguishes the two first named metals is that, a t whatever temperature they are extended, they are photographed a t a temperature near (about 70 and 40° C respectively below) their melting-points. I t appeared th a t the discrete spots might be due to recrystallization about certain preferential, probably highly strained, crystallites.
There are two ways in which this supposition can be verified: (a) to stretch sodium or potassium wires a t a very low temperature, and photo graph them a t this temperature, instead of letting them warm up, in the expectation of continuous asterisms; (b) to stretch, say, an iron wire at room temperature and then raise it to a temperature near its transforma tion point, in the expectation of discontinuous asterisms.
To stretch and photograph, by X-rays, sodium wires at liquid-air temperature a special apparatus was made. The stretching apparatus and camera, shown in figure 16 , consisted of a brass box, whose horizontal cross-section was in the shape of a D ;it was made split axially, and provided with a flat back, against which the photographic film, wrapped in black paper, was held in a special holder. Opposite this was the hole for admitting the X-ray beam, consisting of a thick glass tube with a fine capillary bore, on the end of which a small very thin bulb was blown, to admit the rays. This tube was mounted in a brass holder soldered to the box. The holder for the sodium wire was a brass frame much like that used in the stretching experiments, but without the ring for measuring the tension, which was applied by a screw head, separated from the main tube by a length of glass tube, to diminish heat conduction. This frame was inserted through a hole in the top of the camera, and the whole made vacuum-tight. The camera stood on glass feet in a glass beaker, to one side of which a short glass tube had been blown, to take the X-ray " slit" tube. The joint between the tubes was made tight with picein, so that the beaker could be filled with liquid nitrogen. The beaker stood in a box filled with a special cork ribbon preparation, which proved a very effective thermal insulator. A Dewar vessel was not used on account of the technical difficulty of blowing the tube through both walls at the required spot. Liquid nitrogen was chosen in preference to liquid air or liquid oxygen because of the danger attendant on chance contact of liquid oxygen, diluted or undiluted, with the cork preparation.
Plates were used in the first attempts to take photographs at liquid nitrogen temperature, but the effect of the extreme cold was that the emulsion split into fine ribbons. It was found, however, that films stood up to the conditions well.
The crystal, protected by a thin film of apiezon oil, was quickly fastened in the chucks, and placed in position. The apparatus was then evacuated and the liquid nitrogen introduced into the beaker, completely submerging the camera. After 20 min. the crystal was stretched and then photographed in situ, an exposure of about 6 hr. being necessary. Figure 17 , plate 2, shows a photograph taken with a severely stretched crystal, which should be compared with the photographs of figure 14, plate 3. It will be seen that the asterisms are continuous smears, like those obtained with, for example, a-iron, stretched at room temperature (cf. figure 18 , plate 4).
The complementary experiment, which is an attempt to produce discrete spots where continuous asterisms are usually found, was made with a-iron. Fig. 18 , plate 4, is a Laue photograph of a single crystal of a-iron stretched at room temperature. In the hope of producing a break up of the asterisms the crystal was kept at about 850° C, a temperature at which it still
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maintains a body-centred structure. Figure 19 , plate 4, shows a photo graph of a crystal stretched about 5% at 450°: Figure 20 , plate 4, was taken with the same crystal after it had bben kept at 840° for 2 h r.; figure 21 , plate 4, after a second heating at 860° for 4 hr. It will be seen that the asterisms show signs of progressive break up. There are also certain fresh spots produced by the heating, a sign of recrystallization. In another experiment the crystal was stretched at 700° C; the asterisms showed some discontinuity ( figure 22, plate 4) . This crystal was reheated at 880° C for 4 hr., and cooled by gradual withdrawal from the furnace in 10 min. The Laue photograph after this reheating is shown in figure 23 , plate 4. The main asterisms, marked 1, 2, 3 and 4, show break up into discrete patches, and in addition the photograph gives evidence of a large number of small crystals which were not present before. All the iron photographs were, of course, taken at room temperature.
These experiments seem to proye conclusively that the break up of the sodium asterisms into discrete spots is due to recrystallization taking place in the strained crystal at room temperature.
Discussion
The following table shows the results for all the body-centred metals so far investigated, except iron, with which the findings are so far inconclusive. In the second column 6 = T/TM, where T is the absolute temperature of the experiment (t° C), TM the melting point of the metal. The melting-point has been selected instead of the characteristic temperature, which suggests itself, because of the comparatively large uncertainty that exists as to the value of the latter (e.g. for sodium values from 140 to 202 are given for the characteristic temperature). All the results, then, agree with the rule, put forward at the " Discussion" (Andrade 1938) , that as 6 increases the glide plane changes from (112) through (110) to (123), and that at a given value of 6, the glide plane is the same for all body-centred metals. The glide direction is always [111] .
The case of a-iron is peculiar, in that all three planes have been suggested by different authors (cf. Andrade and Tsien 1937) as operative at room temperature. The outbreak of war interrupted investigations which we were carrying out on this point before any conclusive results were obtained. The value of 6 for iron at room temperature is 0*163 if TM be taken as the melting-point of the metal, and 0*250 if TM be taken as the temperature of transformation of the body-centred into the face-centred structure, viz. 1179° abs., so that, according to the rule, the glide plane should be (112). It is very difficult to get really pure iron, and the presence of traces of impurity may affect the choice of plane.
The question arises as to why the glide plane changes with temperature. This is perhaps to be attributed to a preferential direction of vibration of the atoms, acting in conjunction with the potential energy due to spacing. I t is possibly significant that body-centred crystals are not close packed. The phenomenon may have some analogy with the change in crystal structure that takes place with temperature in the case of certain metals, as exemplified by calcium, which is cubic face-centred at room temperature and close-packed hexagonal above 450° C, or zirconium, which is closepacked hexagonal at room temperature, and body-centred cubic at 862°. This change must depend upon the way in which the free energy of the different crystalline forms varies with the temperature, which in its turn will mainly depend upon how the energy of vibration varies with the temperature. The suggestion is put forward tentatively. In any case, the experiments indicate that the rate of variation of strength with temperature is somewhat different for each of the three systems of planes.
In iron of ordinary purity it seems likely that glide can take place on all three planes at once. These planes would form hexagons, though not regular hexagons, on any plane which they traverse, and G. I. Taylor's picture of rod-like slipping can easily be explained on the basis of this threefold slip. The non-planar glide surfaces can be built up by slip, in the [111] direction, taking place on different planes in short, adjacent, parallel sided strips.
It appears, then, that it is the glide direction that is fundamental, this being in all cubic and hexagonal crystals the most closely packed line. The choice of glide plane appears to be influenced not only by temperature but by slight deformation, Greenland (1937) having shown that, with very pure mercury, crystals which had suffered very slight preliminary strain slipped on well-defined planes, while crystals that were absolutely unstrained slipped on irregular surfaces. The slight strain may produce preferential hardening on certain planes, but the whole question of choice of slip planes is one that requires further experimental investigation.
Turning to other aspects of the work, our results, taken with those of previous workers, go to emphasize that there is a marked contrast between the behaviour of single crystals under stress at high and at low temperatures, which may be tabulated as follows:
We have further to note that the effect of temperature on hardening, as measured roughly by the spacing of the stress-glide curves for a given difference of temperature, is comparatively small at high and low tempera tures, but greater at intermediate temperatures.
It is not intended to attempt here anything in the nature of a full discussion of the theoretical implications, but a few general suggestions are made.
The variation of the spacing of the glide planes with temperature is clearly connected with the hardening phenomena. It is generally agreed that glide sets in at some, kind of flaw or dislocation, and Orowan has introduced a " notch factor" q to express the local increase of stress in the neighbourhood of a surface crack or other such imperfection. We suggest that, quite generally, q has a wide range of values for different flaws in the same material. What is required is a theory which shall take into account the fact, expressed either by a varying q or otherwise, that there must be a statistical distribution in magnitude of the local concentrations of energy involved in the system of flaws.
The hardening may be assumed to be linear with glide on, or in the neighbourhood of, any particular glide plane, but the hardening for given glide is much more marked at low temperature, owing to the spontaneous recovery which takes place at higher temperature. If, now, at high tem peratures, glide starts at a few localities of large q, then, in consequence of the relatively slight hardening which is a manifestation of the temperature recovery, glide proceeds progressively on the same few planes, and the law of hardening will tend to be linear. At low temperatures, on the other hand, the glide on the initial planes leads to rapid hardening in the immediate neighbourhood, and increasing stress then initiates glide at intermediate localities of smaller q. The number of glide planes increases with stress, and, while the exact form of the stress-glide curve depends on a number of assumptions, it is easily shown that it will depart from linearity in the direction of a parabolic law.
In many cases the law of stress against glide tends to be parabolic for metals at temperatures far below the melting point (cf. aluminium and copper at atmospheric temperature) and linear with metals near the melting point (cf. cadmium and zinc at 200° C), but the rule is not com pletely general (cf. magnesium and zinc at -185° C, where the curve appears to be concave towards the stress axis). Further systematic experi ment is required, under precise conditions, with glide taking place on one set of planes only.
As regards the hardening itself, it has already been suggested by Andrade and Roscoe (1937) that the hardening round a glide plane is due to stoppage of glide by progressively rotated crystallites; the objection that hard crystallites cannot lock soft material is based on a misunderstanding of the suggestion, our contention being that unflawed material is hard, and the crystallites merely block the propagation of dislocations. If there is a fairly rapid recrystallization at high temperatures, the smaller hardening can be understood in a general way.
The approximately parabolic law of hardening at low temperature has been explained by G. I. Taylor on the basis of the propagation of dis locations arising in some manner, which has not been elaborated, within the crystal. It is an essential feature of this theory that fresh dislocations are called into play as the macroscopic strain increases, but the mechanism has not been discussed. From his assumptions, which include flaws limiting the travel of the dislocations, Taylor deduces his law of hardening, which is certainly not obeyed at higher temperatures. One formal feature of Taylor's theory is the system of flaws which stop, but do not initiate, dislocations: another is that it is purely two-dimensional. Taylor's positive and negative dislocations, however, running in opposite directions and exerting a force on one another where they tend to pass, produce a mechanism for rotating small portions of the crystal structure.
Orowan has brought clearness into the many aspects of the plastic flow of single crystals by concentrating attention on the rate of flow, rather than the strain. He combines Becker's conception of flow as due to thermal fluctuations, which raise the stress locally from time to time, with the conception of stress concentration at a flaw. His considerations explain the variation of flow with temperature and, as a particular case, give a convincing representation of the small variation of critical shear stress with temperature, but do not explain hardening. W. G. Burgers and J. M. Burgers (1935) have combined all the previous theories and suppose that the arrest of the travel of the dislocations leads to local curvature of the glide lamellae, such as is evidenced by the asterisms discussed by them and us. Their theory does not, however, really explain what leads to the arrest.
In general, none of the present theories devotes much attention to the glide plane, better called, perhaps, since it is of finite width, the glide lamella, in which some kind of avalanche-like disturbance is clearly concentrated. This narrow region of preferential glide-or discontinuous character of the glide in space, as it may be called-is an essential feature of the process of plastic deformation in metals, as is also the discontinuous character of the glide in time, expressed in the jerky nature of the extension investigated by Klassen-Nekludowa (1929) , Becker and Orowan (1932) , and Schmid and Valouch (1932) . A theory which undertakes to give a physical picture of what takes place should be able to connect this twofold discontinuity with the law connecting hardening and glide at low tem peratures and small stresses and with the law connecting glide and time at high stresses and high temperatures.
We have had the advantage of discussing certain aspects of this work with Dr E. Orowan and of receiving comments from Professor Mott, who kindly read the paper through. To both of these gentlemen we express our grateful thanks for their interest in the work.
Summary
The glide elements of single crystals of the body-centred cubic metal, sodium, have been determined at various temperatures. The glide direction is in all cases [111] , but the glide plane changes successively from (112) to (110) to (123) as the temperature goes from -185 to 20° C. It is shown that this change of glide plane with temperature is a particular case of a general rule to which body-centred 'metals conform: all three planes are possible glide planes but which is operative at any particular temperature is determined by the temperature, referred to the melting-point of the particular metal as standard. The case of iron, for which all three planes seem to be operative at once, is considered separately.
The critical shear stress has been determined for sodium, and shows a small variation only over the temperature range -185 to 20° C.
Experiments with sodium, iron and molybdenum go to show th at the spacing of the glide planes increases markedly as the temperature is raised.
I t has been found that, for equal strain, the crystallite rotations, as evidenced by the asterisms, are much greater at low temperatures, where the hardening is greater, which goes to support the view th at hardening is intimately connected with the rotation of crystal fragments. The breaking up of the asterisms into discrete spots which has been found with sodium and potassium is shown to be due to recrystallization.
The general implications of the results are discussed.
